Abstract
Introduction

36
Three-dimensional (3D) human organoid culture models are appealing tools to study 37 pathophysiological processes. These models have been described, by us and others, for the cell markers are more efficient at forming organoids than the general cell population 13 .
46
However, currently there is a lack of understanding of the underlying epigenetic and genetic
47
mechanisms that control organoid-initiating frequency, self-renewal and differentiation during 48 organogenesis.
49
To better understand mammalian development, as well as to exploit the tremendous 50 therapeutic potential of organoid models, it is necessary to identify and characterize the controlling the initiating cell sub-population and thus improving tissue-specific organoid 60 growth conditions. Consequently, we performed a miRNA screen in human primary epithelial 61 cells to identify the mediators influencing the initiation of stem cell derived organoids. We 62 identified a previously uncharacterized miRNA, miR-106a-3p, and its target genes that play a 63 key role in such process. Using a gain of function approach, we discovered that the 64 endogenous levels of three core transcription factors (OCT4, SOX2 and NANOG) were post-
Results
72
Organoid culture of Human Epithelial Cells exhibits a CD44high/CD24low phenotype 73 This study was initiated to identify organoid-initiating epithelial cell subpopulations 74 that specify stem/progenitor cell functions in epithelial cells 13 . One of the main 75 characteristics of stem cell is to be rare immortal cells within a mass culture that can both self-
76
renew by dividing and give rise to many cell types. First, we characterized the properties of 77 human primary mammary epithelial cells (HMEC) grown in 3D compared to conventional 2D 78 culture. As a control, cells were grown under organoid culture conditions as we previously 79 described 5 and the cell lines tested formed 3D-structured human organoids ( Figure 1A) . 
86
Previous studies have reported that human mammary epithelial cells with
87
CD44high/CD24low phenotype have the highest progenitor ability compared to all other 88 stem/progenitor subpopulations 7 . Therefore, we analyzed the expression of CD44 and CD24
89
in 2D cell culture compared to 3D using flow cytometry ( Figure 1C ). In 2D cell culture, 85% 90 expressed both CD24 and CD44 at high levels and 14% expressed CD24 at low levels 91 together with high levels of CD44 ( Figure 1C , Top panel). In contrast, 3D cell culture showed 92 more than 3-fold increase in CD44high/CD24low phenotype cells (~49%) compared to 2D
93
(~14%) ( Figure 1C ; lower panel, p=0.0268, n=3). We then analyzed the cells from 2D culture 94 using standard immunofluorescence ( Figure 1D ) to determine the expression of CD24 and
95
CD44 cell-surface markers. The overlaid images showed a mix of cell populations: CD24 96 cells (green), CD44 cells (red) and CD44/CD24 co-expressing cells (yellow) ( Figure 1D ).
97
Together, these results indicate that cells grown as organoids acquired a CD44high/CD24low 98 expression pattern similar to stem/progenitor cell that can be used for further screening. To investigate whether miRNA-mediated gene regulation could promote organoid 102 formation, we monitored, as a tool, the expression of CD44 and CD24 following miRNA 103 transfection into HMEC cells (Figure 2A-D) . Following quantitative image analysis of 104 >100,000 cells at Passage 6 (P6), frequency distributions of CD44 intensity were compared in 105 mass culture (whole population), and mass culture exposed to CD44 siRNA (Figure 2A ) or 106 exposed to CD24 siRNA ( Figure 2B ). CD44 and CD24 levels were lower in siRNA-depleted 107 cells in comparison to the whole population, which validates the specificity of our assay
108
( Figure 2A-B phenotypic criterion are shown in Figure 2D . This strategy revealed that the miR-106a-3p
116
shifts primary cells into a CD44high/CD24low phenotype. This miRNA is a paralogue of the 117 miR-17/92 cluster ( Figure 2E ). Next, to further confirm the results, we performed a secondary 118 screen of the whole family cluster ( Figure 2E ). Twenty-eight miRNAs belonging to the 119 cluster were retested, in triplicate, using the same method as in the primary screen ( Figure   120 1C). A total of 4 hits were scored as those miRNAs with Z-factor >2 ( Figure 2F ) and 121 prompted a shift in the CD44high/CD24low population ( Figure S1B ). The top hit was miR-122 106a-3p ( Figure 2F and Figure S1A ). We then confirmed miR-106a-3p induced a
123
CD44high/CD24low phenotype using flow cytometry based on the expression of CD44 and 124 CD24 ( Figure S1B and Figure 2G ). In cells expressing the control mimic, the
125
CD44high/CD24low population (CD24 -/CD44 + ) was ~10% of the total cell population 126 ( Figure 2G ). Conversely, we observed a 5-fold increase of CD44high/CD24low population,
127
~50% of the total cell population, in cells transfected with a mimic miR106a-3p ( Figure 2G ).
128
In parallel, to correlate these data with organoid development, we assessed the The development of human organoids is driven by miR-106a-3p.
135
Next, we questioned whether miR-106a-3p is endogenously expressed in organoids 136 compared to 2D culture. We found that only the 3D culture of organoids expressed miR-106a-137 3p, thus reinforcing its potential role in organoid formation ( Figure 3A ). To further study 138 miR-106a-3p function, we generated retroviral vectors of miR-106a as previously described 24 
139
evaluated its stable expression in HMECs ( Figure 3B-E) . First, we examined the expression of 140 miR-106a-5p and miR-106a-3p using RT-qPCR in control (miR-Vector) and miR-106a-
141
infected cells ( Figure 3B ) and observed that miR-106a-5p was expressed in both conditions.
142
On the contrary, both RT-qPCR and in situ hybridization showed that miR-106a-3p was 
145
As expected, miR-106a stable overexpression greatly increased organoid-initiating 146 frequency ( Figure 3D ). To further evaluate the impact of miR-106a on organoid architecture, . These results demonstrate that miR-106a does not disrupt the structure of organoids.
156
To test miR-106a-3p and miR-106a-5p individual functions on capacity of organoid-
157
initiating cells, miR-106a-3p or miR-106a-5p mimics were transfected in HMEC cells ( Figure   158 3F-G). We examined miR-106a-5p and miR-106a-3p expression by RT-qPCR and observed
159
that miR-106a-5p is expressed both in control, miR-106a-5p and miR-106a-3p cells ( Figure   160 3F). As expected, miR-106a-3p is only expressed in miR-106a-3p transfected cells ( Figure   161 3F). Next, we studied the individual role of miR-106a-5p and miR-106a-3p overexpression on 162 organoid-initiating frequency ( Figure 3G ). The overexpression of miR-106a-3p significantly Table S1 ) when compared to controls. To establish whether the global 178 expression changes observed upon miR-106a-3p overexpression correlated with the data from 179 prediction algorithms ( Figure 4A ), both datasets were intersected (Table S1 ). The results
180
show that on an average < 7% of the genes differentially expressed following miR-106a-3p following miR-106a-3p transfection (Table S1 ). Of the 3153, only 35 (1.1%) genes were 184 found to be direct targets of miR-106a-3p by the aforementioned four different algorithms
185
( Figure 4B ).
186
We next screened for the relevance of these putative targets in two different assays Figure 5C ) and proteomic levels ( Figure 5D ).
226
Finally, we analyzed the expression of these three core pluripotent transcription factor ( Figure 6B ), since miR-106a-3p is not expressed in primary HMEC ( Figure S4 ). As expected,
248
we observed that suppression of miR-106a-3p abrogated the self-renewal capacity of 249 organoids-initiating cells ( Figure 6B ).
250
Since we demonstrated that miR-106a-3p contributed to pluripotency ( Figure 5 ) and 
464
METHOD DETAILS
465
High-content miRNA screening 466 The miRNA screen was performed in triplicate, using the Human pre-miR miRNA library either isotype-matched control antibodies or with no primary antibody as negative controls.
486
No difference was observed between these two controls. were filtered out. We use standard deviation of the background (σ) value to estimate 499 background. We then filter-extract the genes identified as being significantly differentially 500 expressed between the conditions by fold change applied to the genes passing the background 501 filtering criteria. Differentially expressed probe sets were identified using a p-value <0.05.
502
The gene expression data have been deposited in the ArrayExpress database at EMBL-EBI 
553
The cells were blocked with a signal enhancer (Lifetechnologies) for 1 h at room temperature,
554
and then incubated with a mouse anti-DIG antibody at a dilution of 1:1000 at 4°C overnight.
555
The cells were washed with PBS three times to remove unbounded mouse anti-DIG antibody. CHIR 99021 the second day and finally IWR1 2 µM and BMP2 (10 ng/ml) the third day.
569
Ectoderm was induced in RPMI supplemented with N2 medium (Thermofisher) and 0.5 µM 570 retinoic acid for three days. 17/92 cluster and its two paralogues and screened using conditions identical to the full screen.
617
Z-Scores were calculated for individual miRNA mimics and plotted according to rank order. 
